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, ABSTRACT

\:lThis report describes an investigation®of the ground impingement
properties of a fan jet engine exhaust. Measurements were taken using
both a simulated fan jet of laboratory scale and a large scale operating fan
jet engine. The results of this work will be used tc modify existing
models of exhaust-ground interactions to include the unique properties of
fan jet impingement on the flow field under a hovering VTOL aircraft, with
particular application to the Grumman Design 698. The simulated fan
jet exhaust was produced by cold air issuing from a concentric nozzle
and utilizing a screen in the inner section to develop the lower
dynamic pressure that is characteristic of a real fan jet engine. Measure-
ments taken during impingement of the jet engine exhaust consisted of

pitot pressure profiles above the ground.

Wall jet velocity profiles obtained in these two impingement flows
showed close agreement when scaled by size and nozzle pressure ratio.
This favorable comparison demonstrates the effectiveness of using cold
air, scale model flows to simulate the impingement flow field of a real
fan jet engine exhaust. The effects on the impingement flow of an

immersed control vane were investigated in both the simulated and the fan

AN

jet engine exhausts.
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1. INTRODUCTION

Entrainment of ambient air into the engine exhausts of a VIOL
aircraft hovering far from the ground develops negative pressures on the
aircraft underside, exerting a downward force that opposes engine thrust.
When the aircraft approaches the ground, several complicated effects arise.
The exhaust jet pluwes strike the ground and turn outward as wall jets.

The entrainment of air into these wall jets, as well as the blockage of
entrained air by the presence of the ground, leads to much largex
dowward (or suckdowm) forces. This effect is not too wifficult to
undexstand and model. A much more complicated flow vceurs whem the wall
jets from scparate nozzles collide and send upwash and fountain flows
back up toward the aivcraft. These upward fleows can deliver an upward force
to the vehicle which reduces the suckdowm force, or can even produce a
wet upuwaxd intexfevance force. In additien, the heated exhaust gases
that flow back coward the vehicle as part of these upwashes or fountains
often veach arcas vhere they ean be antrained inte the inlet flow and
cause sovere engiune problewms.

Flow preperties in the upwash are contvolled by couditions da the
colliding wall jets, which are in turn contvolled by jet exhaust lmpingomont
conditions. In Ref, } v deseribod several mothods of wmodeling the
upwash iuv terms of wall jot proportles and used existing cwpivical wodels
{e.g., Refg. 2 and 3) to deseribe vall jet proportics in tevms of jet
impingosent conditions. This approvach allows the upwash flow field (and
oventually vehicle perfovmance MAaracteristics in ground oifcet) tv be
pradicted directly frod Jot impingmont conditions {Hef. &).

The aceuracy of such prodictions is depsuadent on the dedel used te
doseribe wall jot flow propeveios in terms of iwpingement conditions produced
by a single iscident jet. Bxistiag models ave based on data tdken i6 a '
wall jet produced by igpingement of a swall svale, low tewporature jet
with unitfora free streaw counditions. The primary objective of this
iuvostiyation was to dete¥uming the properties of A wall jot Yormed by
fmpingoment of a fan Jet englae exbmust which exbibits & higher dynanic
proessuve dn the fan flow than fu the cove {low. This type of propulsion
systen has been propused for a Crumman Type "A" V/STOL airveraft coniiguration.

1




As a further complication to the impinging flow for this aircraft
design, vehicle attitude comtrol in hover is obtained by deflecting
vanes that are immersed in the fan jet engine exhausts. Deflection of
the exhausts by comtrol vane inclination will distort the wall jet and
upwash flow fields and alter the upwash force distribution on the aircraft.
The present investigation also provides a preliminary assessment of wall

jet distortion caused by vane deflectiom.

A two-phase experimental program was conducted to investigate the
impingewent properties of a fan jet engine exhaust. The first section of
this report describes laboratory measurements obtained from impingement
of a simulated fan jet exhaust produced by a four-inch Aiameter concemtric
nezzle. The second section deseribes the impingement flow produced with a
56-inch diameter high bypass ratio fan jet emgine exbhaust. A contvol

vane was iwmavsed in the oxhiaust for both sets of cxperiments.

For the laboratory experiments we used a concentrie uozzle, fed
by a common aiv supply, thot wes geometrically sealed to the jet
engine configuration., Seveens wore usad in the immey nozzle to veduce
its exit velocity to provide the same dynawie pressuve ratio betweon
faner and vuter flows as in the fan jot cngiee. The data cousist of
phetograshs showing oil flov ground streamline pattevis, surface prossure
contours, and wall jut piteot pressure profiles.  These weasuresments wove
wade for uwormal jot impingement with the grouad plang locatwed two diaveters
from the outer nozzle oxit. Ground prossure distributious and wall jet
growth produced Sg fupingerent of the coincentrie nozzlo flow with and
without the vontrel vane are cowparcd to walform circular jot inplagement

propertics, which ave doscribod in the Appendix.

The esporiments with the Fan jet ongine oxhaust were vus to evaluate
sealu effects on wall jet preperties. Data frow the jet ecagine ismpiagoement
tests consist of wall jet pitot pressute profiles obtalued at two
difforont radial stations above a 20 foot square grewnd plane. Cowpavison
boetweon these data and correspending measutements wade in the laboratery
fmpingement £low showed that the wall jet profile shape and thickaess
growth rate was esscntially the same in both flows, and that the vadial

Jocay is maximun velocity scaled with the nozzle dimensions.
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2. LABORATORY SIMULATION OF FAN JET EXHAUST IMPINGEMENT

The exhaust flow from a high bypass ratiov fan jet engine was
simulated using air flow through a concentric nozzle that was geometrically
similar to the engine nozzle downstream of the fan exit plane. Details
of the fan jet engine being simulated will be given in Section 3. Figure
1 shows the concentric nozzle with a control vane mounted in its exhaust.
A sketch showing the dimensions cf this nozzle and the vane 1is shown in
Fig. 2. The outer section of this nozzl- had an elliptical entrance
contour with a four inch ID for five inches upstream of the exit. The
inner nozzle (1-5/8 inch ID) was supported inside the outer nozzle by
thin webs (spider-type support) that were aligned with the flow. The
air supply for the concentric nozzle was a low turbulence level settling
chamber with a 2 foot square cross-section that was driven by a 7 hp
centrifugal fan. The inner nozzle contained two fine-mesh screens to
lower the core flow velocity to produce a dvnamic pressure ratio qf/qc
greater than 1, where the subscript f refers to the outer (fan) flow and

¢ refers to the central flow.

Figure 1 Photo of Concantric Nozzle and Cantrol Vano
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FREE STREAM MEASUREMENTS

Measurements of free stream flow properties were taken in the exhaust
of the concentric nozzle, without the vane, for a settling chamber pressuve
ratio of 1.045 (producing 283 ft/sec velocity at the exit of the outer
nozzle). Figure 3a shows velocity profiles that were taken at two axial
stations with a hot film anemometer. The data are normalized by the

velocity at the exit of the outer nozzle, designated u The scyeen

f.
blockage for the inner nozzle was chosen to produce a dynamic pressure

ratio qf/qC of approximately 6 at z/d_. = 2, which was the ground location

chosen for subsequent impingement wori. Figure 3a shows a free stream
velocity profile at this axial station. A second velocity profile shown
for z/df = .75 shows that at the exit of the core nozzle the dynamic
pressure ratio was close to 12. At the core exit the static pressurve

level was above ambient, as shown by the profile in Fig. 3b. Downstream

of the core nozzle exit plane the static pressure decayed rapidly to

ambient within a few inches as the core flow accelerated to a higher level,
IMPINGEMENT PROPERTIES WITROUI VANE

Normal iwpingement of this type of flow produces a prassure distribution
on tha ground plane that differs from the usuval axisymmetric, bell-shaped
curve that is charvacteristic of conventionsl uniform jet impiugement
(see, w.g., Ref, 5), Figures 4a and &b show ground pressure profiles
found using a ground plane separation distance of h/df e 2, Tigure 4.
shows isopressure contours on the ground plana. Tho surface pressure
distribution has a high pressure ving around most of the ianer protion
with Jower pressures found near the conterline.  The lower pressures

in the conter are caused by the low ¢ vegion in the incident €low. This

type of lwpingowecat pressure profile was also observed by Donaldson and
Suedekor (Ref. 3) for supersounic vound jets. Yan their case the low g
vegion in the center was produced by pressure losges through a wormal
shock. Their luvestigation of the {mpingement flow vevealed a breakdown
in axial syumetry, with nedes forming in the high pressure ring cthrough

which the lower emergy central flow excaped to the outer region.
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Flgure 3 Concentiic Nozzle Exhaust Profiles
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In our case the low ¢ region in the center was produced by the screens
in the inner nozzle. We also found that the flow arriving at the ground
in the central region (lower dynamic pressure) had to bypass the high
pressure ring to enter the wall jet region, but the way in which this was
accomplished appeaived somewhat different than describad in Ref. 3. Strong
deviations from axial symmetry are evideat in Fig. 4 and in the corresponding
oil flow pattern shown in Fig. 5. The heavy lines in this pattern formed
almost immediately and were a repeatable part of the pattern providing
the geometry (spider orientation, nozzle alignment, etc.) was left
unchanged. The heavy concentration of oil splattered around ¢ = -90°
(left side of photo) was sporadically accumslated during operatiomn, and

indicates the use of excessive oil.

¢=+180°

9«0

Figure 5 O Flow Pattsrn Formed by Concentric Jat Impingument Without Vane




The complex flow in the impact and trausition regions does exhibit a

node structure similar to that reported in Ref. 3. Wall jet pitot

pressure profiles taken subsequently in the outer region with the same nozzle
flow conditions and impingement oxientation revealed a local thickening

of the wall jet in regions where the heavy oil lines existed. Further
probing with silk tufts showed that in the vicinity of the heavily
concentrated oil lines the wall jet extended considerably above the ground,
while in neighboring regions the flow at the same height above ground
exhibited the strong fluctuations and velocity reversals that exist just
beyond the edge of the wall jet.

Therefore the ground plane flow as not axially symmetric even
though the impinging f£low was symmetric and directed normal to the ground.
The lack of symmetyy appeard to occur because flow with lower dynamic
pressure in the cove of thu incident flow escaped from the center of
the impact region thtéugh locally thickened vregions of the ground flow.
The scructure of locak wall jet disturbances was very sensitive to swall

changes in ground plane location or orientation,

In ovder to avaluate wall jet distortions introduced by the presence of
s vane in the fan jer exhaust flow (described in the next section)
we adopted the fcllowtng'methods iu ouxr experimental procedura, First,
all iwpingement tests with and without the vane were vun without
disturbing the ground plane ov wozzle oriontation, Second, the wall jet
distucbances without the vnﬁa weve docuwented se that additional
disturbances introduced by the vane could be identified. The following
paragraphs prowide a d@:ailad description of the wall jet characteristices
obsorved without the vane foy impact zone conditions described by Figs. 4
and 5. These chavacteristics ave cowpaved te those observed in a wall
jet formed by vound jot impiongement (Appendix) using the latter flow as
a standard sor evaluation of the effects of lowered core velocity on wall

jet properties,

Figure 6 shows a c¢omparison between data taken with a pitot tube in the
wail jet veglou at ¢ » -8%0°, corvespouding to the strongest discrete oil
line locatfon, and at ¢ = +90° wherce there was wo apparent oid line. These

are shown compared to 3 velocity profile in a wall jot forwed by noruwal
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e,

impingement of a round jet. The close agreement between profiles shows
that a well-developed wall jet appears at the radial location h/df = 2

in spite of the lowered core dynamic pressure in the incident flow.

Hence, the wall jet region for fan jet impingement begins at about the

same radial location based on fan diameter as we found for round jet
impingement. The agreement between nondimensionalized velocity profiles
taken at any chosen location with those taken at locations exhibiting

local thickening is significant because it allows a complete local wall

jet description in terms of maximum velocity u and half velocity thickness
b’ 5

regions and undisturbed regions suggests that the flow in each small

In addition, similarity of profile shapes between locally thickened

azimuthal sector is independent of its neighbors.

The wall jet behavior around the lower two quadrants of the ground
plane (-90° < ¢ < +90°) is illustrated by plots of half-velocity thickness
and maximum velocity versus ¢ as shown in Figs. 7a and 7b, The data were
tasen at a probe radial locatlion of rpldf = 2, which was far enough
to ensure the existence of similarity in velocity profiles. The thickness
distribution exhibits well defined peaks in the half=-velocity thickness
at the locatlons of all of the heavy oil line concentrations shown in Fig. 3,
the major peak exaisting at ¢ = -90°. The maximum velocity profile shows
local minimums at these points, but these minimums ave not as well defined
as the thickness spikes. The triaugular symbel on the ordinate ¢ each
curve represents the waximun velocity and half-velocity thickness that
wore measurad for a four-iamch diameter round jet. To present this polut
in Mg, 7a wo assumed that the round jet esit velocity was equal to Ugo
honee the indicated value is high., The squave symbol vepresents this
ground planv measutement from vound jet tests when the diffevence in

exit plane wowentum relative to the concentric mwzzle has been accounted for.

The veloeity decay amd thickuess growth of the wall jet av ¢ = «90°
and at ¢ = +90° are cowpaved in Figs. 8a and 8b (same impiungement conditions
as Figs. 4 to 7). For ¢ = ~90°, corvesponding to the stvongest oil line
concantration, the waxiuum velocity is slightly lower and the thickness
is considerably greater than at ¢ = +90°. Figure 8b shows that in the

11
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vicinity of an oil line concentration the wall jet grows linearly but

that it appears to originate from a point further away than the geometric
center of the impact region. The radial decay in maximum velocity, when
plotted in logarithmic coordinates, is linear with a lower slope near an
oil line than away from an oil line. Assuming the radial maximum velocity

~

variation u rn, we found n = -,95 at ¢ = -90° compared to n = -1.2
for ¢ = +90°, the latter value providing good agreement with our data

obtained with round jec impingement,

Hence, the flow in the wall jet regiom is radial but is not axially
symmetric because of several local regions in which the flow along the
ground 1s locally thicker, allowing flow with lower dynamic pressure to
escape from the central region. We were unable to trace these locally
thick regions to the wake of the spider supports. The heavy oil line
pattern (slightly diffevent when the spider support was realigned) appeared

to be triggered by a slight axial misalignment of the inner aud outer

nozzles.,
IMPINGEMENT PROPERTIES WITH VANE

A simulated control vane, 10 perceat thick, with a two=-ineh chord
and four=-inch span, was supported at the outer edges by sponsons as shown in
Fig. 2. The vane was attached to the sponsons by a vod passing through
the half-chord point, which allowed the angle of attack a, t be set before
staxting the flow. The vane was located on the nozzle centevline with
its leading edge .28 inch from the exit of the central nozzle. The
ground plane was located at distonce w from the vane trailing edge,
where m » 2,7 fuches for the laboratory tests.

The vane usod with the concentric nozzle was a siwplificd version of
the actual control vane (described in the next section) used for the
engiue tests. Wo scaled the span, chord and thickuess, but wot the
geared flap used fox real engiue tests. While this simplificd vane did
not allow us to simulate the full scale wall jet behavior at covvesponding
angles of attack, it did provide sinulation for vane a, 0 aud it did
allow us Lo iavestigate the general effccts of an jmersoed vane on
impiungencat properties.
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Figure 9 shows a sketch of the ground coordinate system used to

describe the impingement conditions. The line ¢ = 0 (and ¢ = 180°) was
chosen parallel to the chord trailing edge. As indicated in the figure,
positive vane angles of attack should be expected to deflect part of the

flow toward negative values of y where ¢ is negative.

SECTION A-A @, POSITIVE AS SHOWN

[ I

- A

\

L-—-b‘- A

ye

Figure 9 Skatch of Vanw and Ground Coordinate Sysiem

Figure 10 shows the ot flow pattorws produced with the vane at

difforent angles of attack, using iwpingemont conditions identical to

those deseribod in lmpingesment Propevtics Without Vane, except for the
presonce of the vane. In Fig. 10a, with n, = 3, the strong oil liae
close to ¢ = ~90° is predowinant, bdut the other lines obwetved iu ¥Fig. 5
(without the vane) have been supprossed.  The pattevas obtatned with

a, = +20° and -20° are shown in Figs. 10D and 1Gc. NHote the emovgonee
of lines close to ¢ = 0 and ¢ = 180° ia both coses, which are slightly
inclined away from the direction of flow deflection,
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Surface isopressure contours for impingement conditions corresponding
to Figs. 10a and 10b are shown in Figs, 1la and 11b for vane
a, = 0 and +20°, Comparison of Fig. lla with Fig. 4c shows that the
presence of the vane at a, = 0 does not significantly alter the ground
plane pressure contour. However, when the vane is defiected to o, = +20°
(Fig. 11b) several high pressure regions are produced on the ground

and axial symmetry is completely eliminated,

Pitot pressure surveys were made above the groun¢ in the wall jet
region to determine the effects of vane deflection on the circumferential
distribution of wall jet properties. Figure 12 shows the effects of
van deflection on velocity profile shapes at different azimuthal positions
for rp/df = 2, Note that all of the profiles appear similar except
for that taken at ¢ = 90°. The shape of this thinner profile suggests
(see Fig. A-2 in Appendix) that in this region the wall jet may require
more radial distance to achiasve velocity profile similarity.

Figures 13a and 13b shov pitot pressure profiles taken @t rp/df = 2)
in 10° increments for -30° < ¢ < +30° with the vane at o, = 0. The
profiles exhibit a dependence on ¢ but appear similar in shape. Figures
l4a and 1l4b show the effects of vane deflection a, = +20° on the profiles.
For vegative values of ¢ (vane deflects flow in this direction) the wall
jet momentum is reduced by vane diflectien in the vegion -20° < ¢ < 0, hut
increased for more negative 7alues of ¢ that are exposed to the deflected
incident jet. For positive values of ¢ the maximum wall jet velocity is
decreased everywhere exceptv around ¢ = 10°, and in this region the wall
jet is extremely thick. These effects are more clearly evidenc in Fig. 15
in which we have plotted maximum dynamic pressure qn and the half-velocity
thickness h"5 as functions of ¢ . In these plots rp represents the
distance along the ground p’ane from the impact center to the probe
location (8 inches). TFigure 16 shows circumferential pitot pressure
profiles that were taken at h' = ,7 inches and rp/df = 2, showing that the
locally thickened wall jet region is located very close to ¢ = 10°, where a
very heavy oil line appears in Fig. 10b due to vane deflection.
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We conclude that the presence of the vane at o, = 0 produces only
miner changes in the impact region, based on small changes in the surface
-pressure distribution and oil flow patterns. Wall jet profiles show
the same minor variations in thickness with azimuthal angle that existed
without the vame. At a 20 degree vane angle of attack, severe distortions
appear in the surface pressure distribution and in the streamline
pattern. 1In the wall jet region there is a reduction in wall jet
momentum parallel to the vane span-wise direction except for two locally
concentrated regions of extremely thickened ground flow. These two
thicker sections were symmetrically inclined 10° from the span direction
for a = 20°. The angle of inclination of these ground flow disturbances
probably depends on a, and perhaps also on h/df. In addition, the maximun
wall jet velocity is increased in the direction ¢ = ~90° (direction of incident
flow deflection), and decreased in the opposite direction.
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3. WALL JET PROPERTIES PRODUCED BY IMPINGEMENT
OF A FAN JET ENGINE EXHAUST

The fan jet engine used in these tests consisted of a Lycoming
T-55-L-11A turbojet that was coupled with a 4.6 foot diameter, 13 blade
controllable pitch fan., This assembly was developed by Hamilton Standard

as a prototype configuration for test purposes, and is known as the Q-Fan.

The wall jet measurements described below were taken while the engine

was on load to Grumman to evaluate the use of jet-immersed control surfaces
for V/STOL applications. For this work the engine was mounted on a

thrust stand with the exhaust directed toward a 20 foot square ground

plane. Reference 6 presents a complete report on engine performance
characteristics, control vane forces, vane surface pressures and temperatures,
and the effects of varying ground plane location and orientation. In

this report we present only those wall jet measurements that were taken

with the ground plane normal to the exhaust, and with the ground plane

located 40 inches from the van trailing edge unless otherwise noted.

Figure 17 shows a photograph of the ground plane. The large chute

on the bottom was used to divert the wall jet behind the ground plane to

avold a possible interaction between the ground-deflected exhaust and the
fan j.r engine inlet. Two pitot pressure rakes, shown on the left edge
of the ground plane, were used to measure wall jet conditions at two
different radial locations. The inner rake was located 10 feet from

the exhaust impact centerline and the outer rake was 12-1/2 feet from

the centerline, with an azimuthal displacement of 37° relative to the

inner rake.

Presgure signals from the two rakes (total of 18 pitot tubes) were
read scquentially with a Scannivalve systewm, tiwme-averaged, aund
digplayed ou a pen recorder. For each test condition (combination of
ground plane location, vane location and engine operating condition)
the control vane was driven through an angle of attack range. Pressure
data were taken at each vane angle of attack. Since angle of attack
gsettings were wmaiatained for ouly 1 minute, there were only a few seconds
available to record each pitot tube pressure.  Sigaal fluctuations

caused by wvariations in fan jet eangine operating conditions could not be
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Figure 17 Ground Plane Used for Fan Jet Engine lmpingamaent

gsufficiently averaged on this time scale and provided a noticeable
scatter in our measurements, On a typical run the measured engine thrust

varied from 5800 to 6300 1b on a time scale of a few secounds.

Wall jet wmeasurcmonts obtained with zero vane deflection showed
the sawme velocity profile shapas that we found in the wodel experiments,
Figure 18 shows data taken from the inner and outer rakes with the
ground plane normal to the flow at h/df = 2, Pitot prossures f{rom each
vake were novmalized by the maximum pressure from that vake and the
local veleeities were plotted fn the noudimensional Yorm u/um. The
probe location above ground was uermalized by the half-velocity hedght
h'.S for that rake. 7The solid line shown in Fig. 18 represents data that
ave shoun in Fig, 0 fov the wall jot formed by impingemont of the

siwulated fan jet exhaust.

26




Measurements taken at the two rake locations provided a means of
finding the radial decay in wall jet maximum velocity and the thickness
growth rate for comparison with the smaller scale flows. Figure 19a
shows the wall jet maximum velocity, normalized by the fan exit velocity,
plotted against distance from the impact center in fan diameters. The
801id line represents data shown in Fig. 8 that were obtained with similar
impingement conditions using the simulated fan jet flow. TFigure 19b
shows » similar comparison for the radial increase iu half-velocity thickness.

Deflection of the control vane changed the maximum velocity and the
thickness of the wall jet. Figure 20a shows the variation of maximum wall
jet velocity at the inner rake versus vane deflection angle for two
different ground separation distances. The data show approximate
symmetry around @, = 0 because of the inner rake location relative
to the vane. Note that the maximum wall jet velocity at the inner rake
does not decay significantly until vane angles exceed *20°. Figure 20b
shows that the maximum velocity at the outer rake is found for a, = +10°,
For poaitive values of a, the vane deflected the incident flow toward

the outer rake.

Figure 21 shows pitou pressure profiles obtained from the inner rake
at different vane deflection angles for normal grouud plane impingement
at h/df w 2, Note the strong increase in wall jet thickuess that
oceurs even for small vane deflection angles. Data obtained frvom the
outer probe did not exhibit any significont iucrease in wall jet tldckuess
with vane deflection angle, This difference in wall jet bohavioxr with
vaue deflection can be attributed to the different azimuthal ovientation
of the two probe rakes.

Pigure 22 shiows the variation of wall jet properties with aziwuthal
orientation., Three azimuthal orieantations are shown (although only two
rake logations weve used) by assuming symmetry in the lupiungement flow.
Since data were taken at a, = +10° and -10° at ¢ = 37°, such data can
also be viewed as for a, = +10° wich ¢ = +37° and -37°. To account for
different radial locations of the measurcmencs.rchc ordinate of the

maximum velocity plot was scaled by the ratio (ap‘)l'z

£

« 1.7 exponent 1.2
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3
: - was found to account for the radial decay of wall jet maximum velocity
in our laboratory tests Without the vane. Vane deflection causes
2 thickening of the wall jet in the vane spanwise direction with no
- significant change in wmaximum velocity.
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4. CONCLUSIONS

Normal impingement of a fan jet engine exhaust produces a ground

flow pattern that 1s not axially symmetric. Ground surface pressure
distributions show a local minimum near the center, with higher
pressures around the periphery. The region of flow having lower

dynamic pressure in the core of the incident jet escapes from the center
of the impact zone through locally thickened regions of the ground flow.
Factors affecting the locations of the thickened ground flow could not

be identified, but these locations were sensitive to ground plane alignment

Aand nozzle geometry. These locéi disturbances ian the impact region
extended outward radially to produce a nonsymmetric distribution of

wall jet properties.

Velocity profiles in the wall jet region beyond twe fan diamaters
from the impact center exhibited the same shape as those obtained in a
wall jet formed by normal impingement of a simple round jet. This
agreement in velocity profile shape was found at all azimuchal locations
in spite of local variation in wall jet thickness and maximum velocity.
However, the radial velocity decay and thickmness growth rate agreed
with simple round jet impingement data only at azimuthal 16cationa»th&t
did not exhibit local thickening. '

The presenca of a control vane in the fan jet exhaust at zero
angle of attack produced only a minor change in the lmpingement pattern.
Inclination of the vane locally cencentrated the wall jet flow to produce
a swall area of thickened ground flow located near the axis of the vane.
In addition, the maximum wall jet velocity generally increased in the
windward side (direction the jet flow was deflected) and decreased on the
lee side. A B A

Scale effects on wall jet behaviov were evaluated by comparing wall
jet data taken during ground lwmplagement of a real fan jet englne exhaust
with measurements obtained fn a small scale simulation of this flow.

For zero vas deflection the wall Jet profiles in both flows exhibited
the samne shape. The radia) decay ia waximum velocity and thickness
growth agreed wiall when scaled by fan exit veloeity and diameter,
respoctively. - ‘ -
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APPENDIX

CHARACTERISTICS OF WALL JETS FORMED BY CIRCULAR JET IMPINGEMENT

Impingement of a free jet on a flat ground plane produces a radial
flow along the ground as shown in Fig. A-l. The impact region is characterized
by high surface pressure and extreme local flow curvature., In the
transition zone the flow completes turning parallel to the ground. The
relative sizes of these two inner reglons depend on the ground separation
distance h/d. In the wall jet region the velocity profile is controlled
by turbulent mixing and entrailnment of ambient air except for a region

close to the ground that shows a boundary layer profile.

Velocity profiles taken at different radial stations in the wall jet
region show similar shapes when nondimensionalized by maximum velocity
and by half-velocity thickness, Figure A-2 shows such profiles taken
at two radial stations in the wall jet formed by impingement of a four-inch
diameter jet. The data obtained for two different jet exit velocities
at v/d = 1.75 illustrates the profile shape near the end of the transition
zone where the actual wall jet profile is not fully formed, The shape
showm by the triangles was found for radial locations greater than r/d = 2
with minoxr variations caused by boundary layer growth. The velocity
profiles at different radial stations in the wall jet region cannot be
exactly siamilar because the boundary layer thickness grows at a diffevent
rate than the wall jet thickuoss.

For a wall jet formed by normal iwpingement of a civeular jet,
Donaldson and Snedeker (Ref. 3) have wodeled the wall jet radial

charactaristics with a decay in maximum velocity U, that is proportional
_“'101

to 1 and an inerease in half-velocity thickacss that is proportional
to r1'01. They found these values to be valid at least over tha Reynolds
A

number range from 107 vo 2 x 105 based on wall jet thickuess. Because
the wall jet profiles exhibit siwilarity, this wedel can be used to
describe the radial decay of either the muximun velocity or the average

velocity of the wall jet.
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Similarity of wall jet profiles allows the flow at a given point on
the ground to be described by the local values of maximum velocity w

and half-velocity thickness h' Figure A-3 shows the variation of wall

jet properties with ground planz spacing for a four-inch diameter round

jet. Maximum velocity was normalized by jet exit velocity and half-
velocity thickness by the probe distance from the impingement center. These
data were all taken with the probe located four diameters from the center.
The wall jet properties show little variation with ground plane spacing

except for h/d < 3.

Figure A-4 shows the radial decay in maximum velocity of a wall jet
formed by normal impingement of a four-inch diameter jet for three nozzle
exit velocities. The data show no effect of incident jet velocity on the
slope and a negligible effect on um/uJ values. The radial decay in

maximum wall jet velocity found from these data is given by v, b r-l.24'

Figure A-3 shows the half-velocity thickness of the wall jet at
different radial locations for the same three incident jet velocities.
The effect of jet velocity had only a minor influence on the slope. A
line drawn through the data, extropolated back through the impingement

zone, does not pass through the impingement centerline. This point has
been noted by other investigators, who have attempted to represent
the half-velocity growth by the power law variation

W' 5 ~ B

where n 1s close to 1. A value of 1.04 would fit our data, which can be

compared te the value n = 1,01 given in Ref., 3.

4 and

Since our data wore obtained at Reynolds numbers between 10
1.5 % 104. differences between our results and the wodel proposed by
Donaldson and Snedeker should not be attributed to Reynolds number alone.
Other iunvestigatova (data reviewed in Ref. 7) found that slightly
different exponents of r provided a better fit to their data. The veason
for these differences, which iz still under active iuvestigation, may be
caused by the nozzle size or by the scparation distauce between nozzle

and ground.
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